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ABSTRACT:. The membrane potential-generating transporters CitRea€onostoc mesenteroidasd MleP

of Lactococcus lactiare homologous proteins with 48% identical residues that catalyze eiteatimte

and malate-lactate exchange, respectively. The two transporters are highly specific for substrates containing
a 2-hydroxycarboxylate motif (HO-GRCOGQO") in which substitutions of the R groups are tolerated well.
Differences in substrate specificity between MleP and CitP are based on subtle changes in the interaction
of the protein with the R groups affecting both binding and translocation properties. The conserved, 46-
residue long C-terminal region of the transporters containing the C-terminal putative transmembrane segment
Xl was investigated for its role in substrate recognition by constructing chimeric transporters. Replacement
of the C-terminal region of MleP with that of CitP and vice versa did not alter the exchange kinetics with
the substrates malate and citrate, indicating that the main interactions between the proteins and di- and
tricarboxylate substrates were not altered. In contrast, the interaction of the proteins with the
monocarboxylate substrates mandelate and 2-hydroxyisovalerate changed in a complementary manner.
The affinity of CitP for theS-enantiomers of these substrates was at least 1 order of magnitude lower
than observed for MleP. Introduction of the C-terminal residues of MleP in CitP resulted in a higher
affinity and vice versa. Interchanging the C-termini had a more complicated effect &aghantiomers,
affecting different kinetic parameters with different substrates, indicating multiple interactions of the R
groups at this side of the binding pocket. It is suggested that the binding pocket is located between
transmembrane segment XI and the other transmembrane segments of the transporters.

The homologous citrate and malate transporters CitP andCR,-COO~, together with a low specificity for the two R
MleP found in the lactic acid bacteribeuconostoc me-  groups B). Next to the physiological substrates, CitP and
senteroidegl, 2) andLactococcus lactig3, 4) function in MleP translocate a wide range of 2-hydroxycarboxylates with
secondary metabolic energy-generating pathways. The transR groups ranging from hydrogen atoms in glycolate to a
porters catalyze the uptake of a substrate into the cell coupledphenyl group in mandelate3). A detailed kinetic analysis
to the exit of a metabolic end product (precursproduct of the two transporters with different substrates showed that
exchange; for a review, see rgf. CitP exchanges divalent interactions with the OH and COQyroups of the motif are
citrate and MleP divalent malate for monovalent lactate, an essential for binding. The interactions with the two R groups
end product of both citrate and malate degradation in lactic (defined as R and R;; see Figure 1) are not essential but
acid bacteria4, 6). Net charge movement over the membrane modulate affinity and translocation efficiency8)( The
during exchange results in a membrane potential of physi- tolerance toward the R groups gives the transporters their
ological polarity. This, in combination with the generation membrane potential-generating capacity. Two types of
of a pH gradient across the membrane due to the consump-interactions take place between the R groups and the binding
tion of a cytoplasmic proton during the breakdown of citrate sites of CitP and MleP, depending on the nature of the R
and malate, results in a proton motive force, and thus, the group @). A strong, possibly electrostatic interaction results
pathways generate metabolic energy for the cell. More in high affinity for 2-hydroxycarboxylates bearing an ad-
recently, the pathways have been implicated in the recoveryditional carboxylate group atdsee Figure 1). For example,
from acidic stress and resistance against lactate toxigjty ( the S-enantiomer of malate is a high-affinity substrate.

The substrates of CitP and MleP are structurally related Noncharged R groups have a less strong, most likely
(see Figure 1). The ability to exchange citrate or malate for hydrophobic interaction with the binding site, resulting in
lactate is associated with a high specificity for the 2-hy- low affinity for monocarboxylates, like lactate.
droxycarboxylate motif present in the substrates, i.e., HO-  The difference in substrate recognition by CitP and MleP
is caused by subtle differences in the interactions with the

fThis work was supported by a grant from the Netherlands R groups of the substrates. Most prominent are (i) the
Organization for Scientific Research (NWO-CW). difference in affinity between the mono- and dicarboxylates
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Ficure 1: Model of the substrate binding site and structure of substrates of CitP and MleP. Sites on the proteins interacting with the
essential OH and COOgroups of the 2-hydroxycarboxylate motif are depicted as gray surfaces. The interaction site responsible for high-
affinity binding of di- and tricarboxylates is depicted as a hatched surface. The two R groups are ter@ed R according to the

position of the R group in th& and S-enantiomers of monosubstituted 2-hydroxycarboxylates (HO-CHR-GQO®spectively. At the

right are chemical structures of the substrates used in this study: malate, citrate, lactate, mandelate, and 2-hydroxyisovalerate. The
2-hydroxycarboxylate motif is bold.

responsible for the physiological function of the two EXPERIMENTAL PROCEDURES
transporters as citrate and malate transporters; CitP translo- ) _ N o
cates both citrate and malate, while MleP translocates malate Bacterial Strains and Growth Conditions. L. lac8#rain

but cannot translocate the larger citrate molecule. NZ9000 is a MG1363 derivativepepN:nisRnisK 12) that
CitP and MleP are 48% identical in their amino acid transports neither citrate nor malate. TheRandnisK genes

sequences and belong to the 2-hydroxycarboxylate transpor‘cewere mserteq into the chrqmosome to allow induced expres-
(2-HCTY: family (3). The membrane topology model of these sion of plasmid-encoded citrate and malate transporters under

transporters consists of 11 transmembrane segments (TMS)COntrOI Otfg(')oeé'ghtlf reg dulated|sAt;p:?|moter dﬂ-Z)_-ﬂ(]: ellts Vr\:ef."
based upon studies of the citrate transporter Citdelbsiella grown a In closed serum potties and without Shaking.

. . . The growth medium contained M17 broth (Difco) supple-
pneumoniagwhich also belongs to the 2-HCT familp-¢ ,
11). The C-terminal part of the amino acid sequences of the mentgd with 0.5% (W/V) glucose an'd /g/mL chloram-
members of the 2-HCT family, including TMS Xl and part p.h?”'co'- Ce_IIs were 'T‘duce‘_’ by adding supernata}ny of the
of the cytoplasmic loop between TMS X and XI, is nisin-producingL. lactis strain NZ9700 {3), containing

particularly well conserved. Since the main interactions with approximately 10 ng of nisin A/mL1), to the cultures at

the substrates are very similar for CitP and MI&p, ¢(his an OD’B? Oft 0.6. Tﬁglcgllyf,t a 1%90r;f°|d dt|rl1lut|on of tthe d
suggests that structural elements involved in substrate bindin pupernatant was added arter which growth was continue

may be located in this part of the proteir).(In the study Yor 1 h followed by harvesting of the cells by centrifugation.

presented nere, e have constucted chinerc Qe 1L S0 8525 ST LB eLctr s et o slon
transporters in which the conserved C-terminal parts of the ysis ( )- ’ P 9 ’

proteins were interchanged. The chimeras were analyzed forMIeP‘ and MC397 were grown in . presence ofa 3.0(.)00"
their catalytic properties with 2-hydroxycarboxylate sub- 50000-, and 30000-fold dillution of the nisin-containing
strates bearing different R groups to locate the interactionssuDematam’ respectively, for 0.5 h.

between the proteins and the functional groups of the Construction of Expression Vectors and Chimef@sneral
substrates in the C- or N-terminal part of the chimeras. The procedures for cloning and DNA manipulations were per-
results suggest that the 46 C-terminal residues of MleP andformed essentially as described by Sambrook et ). (

CitP contain structural elements that interact with the R Ligation mixtures were transformed fo. lactis NZ9000
groups of the substrates. using an electroporation protocol described by Holo and Nes

(16). Expression vector pGltThid{) encodes the glutamate
transporter ofBacillus stearothermophilyswith an N-

1 Abbreviations: 2HCT, 2-hydroxycarboxylate transporter; RSO, ; ; i hiatid ; ;
right-side-out. TMS. transmembrane segment-s@Doptical density terminal extension of six histidine residues (His tag) followed

at 660 nm; PCR, polymerase chain reaction; SP8GE, sodium DY an enterokinase proteolytic cleavage site. The coding
dodecyl sulfate-polyacrylamide gel electrophoresis. region was amplified by the polymerase chain reaction
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technique (PCR) using a forward primer-&TTTACAT- described previously3j using nonlinear fitting procedures
GTCGCATCACCATCACCATCACCATCACCATCACG- provided with Sigma Plot (Jandel Scientific, San Rafael, CA).
3), containing arfllll restriction site (bold) and 10 histidine  Exchange rates were determined at different external sub-
codons (underlined), and a reverse primer downstream ofstrate concentrations. The affinity constamt,) for the

the stop codon, containing axba site (17). The Afllll — substrate was determined by fitting the data to an equation
Xba-digested PCR product was ligated into thed —Xbal describing competitive inhibition that takes into account the
sites of the nisin inducible expression vector pPNZ8048®%Cm concentration ofH-['*C]malate in the external buffer caused
pSH71 replicon, induciblenisA promoter; O. Kuipers, by the dilution of the §-malate-loaded vesicles (see Bf
unpublished), yielding pNgItT. Successful ligation destroys Initial rates of counterflow were estimated from internalized
the Ncd site at this position. Subsequently, tg#T gene label measured in triplicate at 2 and 4 s. Data were used
was removed, using thecd site just downstream of the  only when the rate of uptake increased in proportion with
enterokinase sitelf) and theXba site downstream of the  time to ensure initial rate conditions. Inhibition &){malate
stop codon, and replaced with tle@P and mleP genes counterflow by a substrate was assessed at different con-
containingNcd —Xba fragments from plasmids pM&tP centrations of the substrate in the external buffer. The
and pMBmleP that were described previoushB)( The inhibition constant ;) for the substrate was estimated as
resulting expression vectors, phifP and pN4nleP, encode described previously8] by fitting the data to an equation
the CitP and MleP transporter, respectively, extended with describing competitive inhibition. When the affinity for the

a 10-His tag and an enterokinase site at the N-terminus. Thesubstrate was lowK; values were estimated from a single
amino acid sequences of the N-terminal parts of CitP and concentration of 20 mM measured at least in triplicate. A
MleP were MSHHHHHHHHHHDDDDKAVIVNHP... and lower limit for the K; was calculated when the extent of
MSHHHHHHHHHHDDDDKAM GKKLK ..., respectively, inhibition was less than 10%. K, for exchange or & for

in which original residues are bold and the enterokinase site counterflow was determined, depending on the transport
is underlined. properties of the substrat8)(

Chimeric transporters were constructed in two steps by SDS-PAGE and Immunoblot Analysigight-side-out
overlap extension PCR§) using the pNZhlePand pNZ:itP membrane vesicles (15 of protein/lane) were subjected
vectors as templates. The PCR products encoding thetp SDS-PAGE using a 12% polyacrylamide gel matrix.
chimeric proteins were cloned into tiNcd —Xbal sites of  Following electrophoresis, the proteins were transferred to
PNZ8048 in the same way as described above for the wild- poly(vinylidene difluoride) membranes and analyzed using
type genes. All constructs were verified by nucleotide monoclonal antibodies directed against a His tag (Dianova,
sequencing. Hamburg, Germany). Antibodies were visualized using the

Preparation of Membrane Vesicles and Exchange and western-light chemiluminesence detection kit (Trophix,
Counterflow Assays. L. lactidZ9000 cells expressing wild-  Bedford, MA).
type or chimeric transporters were cooled on ice and washed Materials.L-[1,4(2,3)34C]Malic acid (51 mCi/mmol) and
twice with 50 mM potassium phosphate (pH 6). Right-side- 11 5 14cycitric acid (115 mCi/mmol) were obtained from
out (RSO) membrane vesicles were prepared by the 0SMOtiCAmersham International (Buckinghamshire, U.K.). All other

shock lysis procedure essentially as described previo8sly (- ¢omnounds were obtained from Fluca (Buchs, Switzerland)
Membrane vesicles were washed once in 50 mM potassium, Sigma (St. Louis, MO).

phosphate (pH 6) containing 5 mNb¢malate and concen-

trated by centrifugation for 15 min in an Eppendorf tabletop ResuyLTS

centrifuge operated at full speed, followed by resuspension

in the same buffer. For exchange measurements, the internal Construction of Chimeric TransporterSigure 2 shows a
pool of (§-malate was labeled withS[-[**C]malate by multiple-sequence alignment of the C-terminal part of the

incubating the concentrated membranes with 18@\Vr members of the 2-hydroxycarboxylate transporter family
L-[1,4(2,3}4C]malate fo 1 h atroom temperature in the together with a topology model. To evaluate the involvement
presence of 10Q«M valinomycin and 50uM nigericin. of the conserved C-terminal part of the CitP and MleP
Aliquots (2 uL) were diluted into 200uL of 50 mM transporters in substrate binding, four chimeric transporters

potassium phosphate (pH 6) containing various substrates(CM397, CM353, MC397, and MC353) were constructed.
at the indicated concentrations and at@0 For counterflow Capitals indicate the origin of the N- and C-terminal parts
experiments, the §-malate-loaded concentrated vesicles of the chimera (C for CitP and M for MleP), and the number
were diluted 100-fold into 20@L of buffer containing 9.8 indicates the position of the amino acid residue preceding
uM L-[1,4(2,3}*Clmalate and different concentrations of the junction (CitP numbering). Thus, CM397 consists of the
various substrates when indicated. Final membrane protein397 N-terminal residues of CitP and the 46 C-terminal
concentrations in the assays were between 250 an@@50 residues of MleP, whereas the complementary chimera
mL. Reactions were stopped at the indicated times by MC397 consists of the corresponding N-terminal part of
addition of 4 mL of ice-cold 0.1 M LiCl, followed by rapid  MleP followed by the C-terminal residues of CitP. Wild-
filtration over 0.45um pore size cellulose nitrate filters type and chimeric transporters were expresset. ilactis
(Schleicher & Schuell). The filters were rinsed once with NZ9000 cells under control of the inducibfésA promoter
buffer and transferred to scintillation vials to determine the (12). The expression vectors differed only in the coding
amount of retained radioactivity. Protein concentrations were sequences of the transporter proteins. Wild-type and chimeric
determined as described by Lowry et dl9). transporters were tagged with 10 histidine residues at the

Evaluation of the Data.lnitial rates of exchange were N-terminus to allow analysis of expression levels (see
determined by fitting the data to an exponential decay as Experimental Procedures).
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Ficure 2: Amino acid sequence alignment (A) and topology model (B) of the C-terminal part of representative members of the 2-HCT
family. (A) Transporters included in the alignment were the citrate transportermesenteroide€itPim (2), the malate transporter af

lactis MlePll (3), the citrate transporter ¢f. pneumoniaeCitSkp (23), the malate transporter &treptococcus has MalPsh (24), and two

open reading frames found on tBacillus subtilischromosome, YufBsand Yxkbs(25). Horizontal bars indicate putative TMSs. Arrows
indicate fusion points in the chimeric proteins. Identical residues and similar residues are represented with feapéctively. Residues

that are conserved in the majority of the transporters are in black boxes. (B) Topology model of the C-terminal part of CitP based on recent
topology studies of Citigp (9—11).

1 2 3 4 5 6 chimeras (compare lanes 2 and 3 and lanes 5 and 6,
—49 kD respectively).
- (S)-Malate Transport Actity. (9-Malate is a high-affinity
substrate of both CitP and MleB)( The chimeric transport-
—33kD ers were assayed for their ability to catalyze homologous

Ficure 3: Expression levels of wild-type and chimeric transporters. (S)-malat_e Cou_nterflow and equilibrium exchange. In coun-
Immunoblot of RSO membrane vesicles prepared ftanactis terflow, right-side-out membranes prepared from cells ex-

NZ9000 expressing the 10-His-tagged MleP (lane 1), MC397 (lane Pressing the wild-type or chimeric proteins were loaded with
2), MC353 (lane 3), CitP (lane 4), CM397 (lane 5), and CM353 5 mM (§-malate and, subsequently, diluted 100-fold into
(lane 6). Indicated on the right are the molecular mass markers. pyffer containing 9.8uM 14C-labeled §)-malate. The

Expression of Wild-Type and Chimeric Transportdiise gradients of labeled and unlabele)-(alate over the
expression levels of wild-type and chimeric transport proteins Mémbrane drive the label into the lumen of the vesicles via
in L. lactis NZ9000 cells were analyzed by Western blotting €Xchange catalyzed by the transport@s The initial rates
using antibodies raised against the His tag (Figure 3). Miep Of counterflow in membranes containing wild-type CitP and
runs as a protein with an apparent molecular mass of aroungMIeP were very similar (Figure 4A® and ©). Since the
35 kDa, while CitP runs at approximately 40 kDa (lanes 1 Membranes used in these experiments were the same as those
and 4). The level of expression of MleP was significantly used for the immunoblots shown in Figure 3, it follows that
higher than that observed for CitP. The apparent molecular he Specific activity of MleP is lower than the specific activity
masses of the chimeras correlated with the transporter thato CitP under these conditions. The initial rate of counterflow
donated the N-terminal part of the sequence, i.e., the residue®f the MC397 chimeric transporter was somewhat lower than
responsible for the different mobilities of CitP and MieP on that observed for the wild-type proteins, while the comple-
SDS-PAGE are located in the 353 N-terminal residues. The Mentary CM397 transporter exhibited 10-fold lower
level of expression of the chimeras was considerably lower activity. These reductions correlate with the reduced level
than that observed for the wild-type proteins and dropped Of expression of the chimeric proteins when compared to
dramatically when the junction was more toward the N- MleP and CitP. No significant counterflow activity was
terminus in CM353 and MC353. Again, expression levels Observed for the MC353 and CM353 proteins.
of the chimeras seem to be related to the N-terminal Similar observations were made for equilibrium exchange
sequences since the level of expression of the MC chimeras(Figure 4B). In equilibrium exchange, right-side-out mem-
was higher than that observed for the corresponding CM branes were loaded with 5 mMC-labeled §)-malate and,
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Table 1: Affinity Constants of Wild-Type and Chimeric Transporters for External Substrates

CitP CM397 MleP MC397

Ki (mM) Km (MM) Ki (mM) Km (MM) Ki (mM)  Kpn (mM) Ki (mM) Km (MM)
(9-malate 0.068: 0.009 0.10+ 0.022 0.056+ 0.015 0.09% 0.022 0.47+0.1 0.64+ 0.09
citrate 0.056+ 0.00% 0.042+ 0.009 ot 22 85+2
(9-mandelate >100° 63+5 3.5+ 0.5 13542
(9-2-hydroxyisovalerate >150 28+ 4 31+ 5 >350
(R)-mandelate "2 5+3 4.0+ 0.8 4.7+ 0.6
(R)-2-hydroxyisovalerate 1253 3.1+ 1.9 29+ 9 102+ 26

aK; value taken from re8. ® Lower limit of K; values estimated from the inhibition at an external substrate concentration of 20 mM.

expression of the proteins, and the affinities of the CM397
and MC397 chimeras appear to be determined by the
N-terminal parts of the chimeras.

Specificity for Citrate CitP translocates citrate with high
efficiency, while MleP is unable to translocate citrate, but
still binds citrate with low affinity 8). The affinity of the
transporters for external citrate was measured by substituting
(9-malate in the dilution buffer in the exchange assay for
citrate (heterologous exchange) or by assessing the inhibition
of (9-malate counterflow by external citrate. When corrected
for the external §-malate concentration, the affinity constant
for heterologous exchange and the inhibition constant for

counterflow represent the same kinetic parameter (for a
00 20 40 60 TO 00 o0 40 60 80 discussion, see reB). The affinity constant of CitP for
Time (s) Time (s) external citrate in the heterologous exchange reaction was
Ficure 4: Homologous §-malate counterflow (A) and exchange ~0-056 mM, while the inhibition constant of citrate for MleP-
(B) by wild-type and chimeric transporters. RSO membrane vesicles catalyzed counterflow was 9 mM (Table 1). Chimera CM397

of L. lactis NZ9000 expressing CitP®), MleP (©), CM397 @), effectively exchangedg-malate for citrate with an affinity
MC397 (v), CM353 @), and MC353 [J) were preloaded with 5

internal (S)'* Clmalate (mM)

(S)—[MC]maIate uptake (nmol/mg protein)

mM (S-malate and diluted 100-fold into buffer containing 218 constant for external citrate that was similar to that observed
diluted 100-fold into buffer containing 5 mM5[-malate (B). unable to translocate citrate (not shown), but citrate inhibited

(9-malate counterflow with an inhibition constant of 8.7
subsequently, diluted 100-fold in buffer containing the same mM, as was observed for MleP. In conclusion, the structural
concentration of unlabele®f-malate. Exchange catalyzed elements enabling CitP to translocate citrate seem to be
by the transporters results in depletion of the radio label in located outside the 46 C-terminal amino acids.
the lumen of the vesicles. CitP and MleP and the MC397 g cificity for Monocarboxylateghe results described
chimeric proteln exhibited very high and similar exchange above indicate that interchanging the 46 C-terminal amino
rates, while the exchange rate of the CM397 transporter WaSacid residues of CitP and MleP altered neither the specificity

significantly lower. No exchange activity could be detected - . :
for the MC353 and CM353 proteins. nor the affinity for the di- and tricarboxylates malate and

g citrate. In contrast, changes in substrate specificity were
The affinity of the transporters for extern&{malate was b d with monocarboxvlates. Mandelate is a 2-hvdroxy-
determined by measuring the exchange and/or counterflow 2 3¢TVed Wit . Xy ) ' ydroxy
activity at a range of externabf-malate concentrations. Since carboxylate in which the two R groups are a hydrogen atom
no exchange or counterflow activity was observed for CM353 e_md a phenyl group _(Flgure 1p¢tMandelate at a concentra-
and MC353, these chimeras were excluded from further tion Of_5 mM_d|d not induce release &f‘(:-_la_beleq (S)-mal_ate
studies. Under standard expression conditions, exchange an{©M "ght-side-out membranes containing CitP, while ex-
counterflow were too fast to measure initial rates in change with 5 mM $-malate was fast in the same
membranes containing CitP, MieP, and MC397 (see Figure Meémbranes (Figure 5A). At 20 mMVBtmandelate, a low-
4). To allow kinetic analysis of these transporters, expression [€Vel but significant exchange was observed, indicating that
levels and thus the initial rates were reduced by manipulating CitP could translocateS-mandelate (not shown). Replace-
the inducer concentration in the growth medium and the Ment of the 46 C-terminal amino acids with the correspond-
induction time. Affinity constants for externaBgtmalate  ing MleP residues enabled the resulting CM397 chimera to
were found to be 0.47 and 0.084 mM for MleP and CitP, catalyze heterologousStmandelate-(S)-malate exchange
respectively (Table 1), similar to what has been reported at a significant rate at 5 mM§-mandelate (Figure 5B). The
previously for CitP and MleP without the N-terminal His (S)-malate exchange rate was reduced due to the lower level
tags B). The affinity of CM397 for §-malate was not of expression of the chimeric transporter. Clearly, the
significantly different from the affinity of CitP, and similarly, ~ substrate selectivity of the chimeric transporter had changed.
the affinity of MC397 was very close to the affinity of MleP. Under the same conditions, exchange rates for a number of
In conclusion, the activities of the chimeric proteins with other monocarboxylates, i.eRfmandelate, §- and R)-
(9-malate as the substrate correlate with the levels of 2-hydroxyisovalerate, andf- and R)-lactate, were deter-
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A. CitP B. CM397 reported in Figure 6 do not discriminate between changes
in affinity and changes in translocation efficiency. The
Tt o affinities of the transporters for the substrates were measured
° . as discussed above for citrate. The low rate of exchange
observed for §-mandelate and g-2-hydroxyisovalerate
catalyzed by CitP was due to the low affinity of the
transporter for these substrates. In fact, the affinity constants
were too high to be measured accurately and were estimated
to be>100 mM for (§-mandelate and even150 mM for
(9-2-hydroxyisovalerate (Table 1). In contrast, the low
exchange rates with these compounds catalyzed by MleP
were due to the lack of translocation; the inhibition constants
for (9-mandelate andgj-2-hydroxyisovalerate were 3.5 and
31 mM, respectively. These results reveal an important
difference between CitP and MleP; MleP binds t8e
Ficure 5: (§-Mandelate-(S)-malate exchange catalyzed by CitP  enantiomers of these two substrates with much higher affinity

(A) and CM397 (B). RSO membrane vesicledofactis NZ9000 ; ;
expressing CitP (A) and CM397 (B) were preloaded with 5 mM than CitP, but CitP translocates them better than MleP. A

(S-[1C]malate and diluted 100-fold into buffer containing no Similar observation was reported before for the physiological

Internal (S)* Cmalate (mM)
internal (S)-{ “Clmalate (mM)

0 2 ; - ;
0 20 40 60 80 0 20 40 60 80
Time (s) Time (s)

further ‘additions ©), 5 mM (S-malate ®), and 5 mM §- substrate lactate8). The R-enantiomers of mandelate and

mandelate ). 2-hydroxyisovalerate bound with similar affinities to CitP
and MleP.

mined for CitP and CM397. The result showed a similar  The improved exchange observed f§-Mandelate and

increase in the relative exchange rates (Figure 6A,B). (S)-2-hydroxyisovalerate when the 46 C-terminal residues

Except for §- and R)-lactate, heterologous exchange with of CitP were replaced with the corresponding residues of
the same compounds catalyzed by MleP was much slowerMleP was caused by an improved affinity of the CM397
and significant only for th&-enantiomers of mandelate and chimera for these substrates (Table 1). The C-terminal
2-hydroxyisovalerate (Figure 6C,D). Heterologous lactate residues of MleP seem to introduce the higher affinity of
exchange was similar as observed for MleP without the His MleP for these substrates into the chimera. Most importantly,
tag @). Introducing the 46 C-terminal residues of CitP in the affinity of the complementary chimera MC397 for these
MleP yielding MC397 resulted in the complete loss of substrates decreased relative to the affinities of MleP for these
exchange activity with these compounds; i.e., the effect was substrates. The largest affinity changes were observed for
the reciprocal of what was observed with the CitP and (S)-2-hydroxyisovalerate for which the affinity increased by
CM397 transporters. No change in specificity f&-(and a factor of at least 5 between CitP and CM397 and decreased
(R)-lactate was observed for the MleP and MC397 transport- by a factor of at least 10 between MleP and MC397 (Figure
ers. 7). The chimeras seem to adopt the affinity for t8e

The changes in heterologous exchange activity of the enantiomers of mandelate and 2-hydroxyisovalerate of the
chimeric proteins observed with the monocarboxylates transporter that donated the C-terminus.
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FiGure 6: Heterologous exchange catalyzed by the wild-type and chimeric transporters. RSO membrane vekidastisfNZ9000

expressing CitP (A), CM397 (B), MleP (C), and MC397 (D) were preloaded with 5 @M'{C]malate and diluted 100-fold into buffer

containing the indicated substrates at 5 mM. Left (white) and right (black) bars correspondSoahe R-enantiomeric forms of the
substrates, respectively. Rates represent the average of two to four independent measurements and are given relative to the rate observec
for homologous §-malate exchange. Error bars represent the standard deviations.
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A. CitP and CM397 B. MleP and MC397 terminal sequences. The loss of expression was dramatic

120 when the fusion point was moved further to the N-terminus

-
N
o

in chimeras CM353 and MC353 (Figure 3) for which no
exchange activity could be detected. Similar observations
were made with chimeras between CitP and MleP that had
< fusion points at positions 256 and 298 (not shown). The
lower expression levels of CM397 and MC397 and the other
chimeras seem unlikely to be due to a loss of structural
integrity and, consequently, degradation of the chimeras. The
chimeric molecules that enter the plasma membrane had the
: o ‘ same kinetic parameters as the parental proteins (see below),
0 5 10 15 20 o 5 10 15 20 and no breakdown products could be detected in either
Inhibitor concentration (mM) Inhibitor concentration (mM) membrane vesicles or whole cells expressing the chimeras
FIGURE 7: Inhibition of (§-malate counterflow byS)-2-hydroxy- (not shown). Interestingly, expression levels of the wild-type
isovalerate. RSO membrane vesicles ofictisNZ9000 expressing transporters were also found to differ greatly even though

(A) CitP (O) and CM397 1) and (B) MleP ®) and MC397 W) : : : .
Were loaded with 5 mM%-malate and diluted 100-fold in buffer ¢ XPression system and the induction and growth condi
tions were exactly the same.

containing 9.8:M (9-['*C]malate and increasing concentrations ;
of (9-2-hydroxyisovalerate. Rates were indicated as the percentage CitP and MIeP transport substrates that present the
of the rate observed in the absence of inhibitor. The dediged  2-hydroxycarboxylate motif (HO-CRCOQO"). Previous stud-
values corrected for the externg){malate concentration (59:8) ies of the catalytic properties of the two transporters with a
are given in Table 1. large range of 2-hydroxycarboxylate3, @) have resulted
in a model of the substrate binding site that indicates the
interaction between the functional groups of the substrates
nd (unknown) groups on the proteins (Figure 1). In the
odel, two essential interactions are between groups in the
nding pocket and the carboxylate and hydroxyl groups of
the 2-hydroxycarboxylate motif that is common to all
substrates. These interactions are like anchors that orient the
substrates in the binding pocket. A third, nonessential
anchoring point in the pocket §Ride) interacts with a second
carboxylate group on the substrates. This interaction is
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The observed changes in affinity between the parent and
chimeric proteins were only minor for tHeenantiomer of
mandelate, indicating that the higher heterologous exchange
rate observed for CM397 relative to that for CitP (Figure bi
6A,B) was mainly due to an improved translocation ef-
ficiency. In contrast, the affinities for thB-enantiomer of
2-hydroxyisovalerate changed 3-fold and in the opposite
direction for CM397 and MC397. Replacing the C-terminal
residues in CitP resulted in a increase in affinity, while

Fep'a.C'F‘g the same residues in MieP resulted in a decreas%esponsible for high-affinity binding of di- and tricarboxylates
in affinity (Table 1). with a second carboxylate atsRS)-Malate interacts with
DISCUSSION the p_rotein via the_se three interactions. The _kinetic parameters
of chimeric proteins CM397 and MC397 wit)¢malate as
The malate transporter MleP and the citrate transporter the substrate were the same as those observed for the parental
CitP are homologous proteins with 48% identical amino acid transporters that donated the N-terminal part, indicating that
residues in their primary structure. Both proteins transport the spatial arrangement of the three anchoring points on the
structurally related substrates, and differences in substrateproteins was the same as in the parental proteins. The most
specificity between MleP and CitP were found to be due to straightforward conclusion would be that the entire binding
subtle, but well-defined, differences in binding and/or pocket would be located in the 397 N-terminal residues;
translocation properties8). The conserved nature of the however, the possibility that part of the interacting sites in
substrate binding site led us to believe that structural elementsthe binding pocket are conserved in the 46 C-terminal
involved in substrate recognition might be located in residues cannot be excluded. Clearly, the difference in the
conserved stretches of the amino acid residues. The highesaffinity of CitP and MleP for §-malate is encoded in the
level of sequence conservation in the 2-HCT family is found N-terminal part.
in a stretch of 46 residues at the C-terminus. To analyze the The citrate molecule differs from th&¢malate molecule
involvement of the C-terminal region in substrate recognition, in that it has a CRHCOOH group insteadfa H atom at the
we have interchanged the C-terminal stretches between theRg position. This carboxylate group is protonated when the
two transporters and analyzed the resulting chimeras fortransporters interact with citrat®)( The CitP protein has
substrate specificity. An advantage of this approach is thatno problem in accommodating the group and binds and
the subtle differences in substrate specificity between CitP transports citrate as efficiently as it doé&}-(nalate. On the
and MleP may depend on a combination of different amino other hand, MleP has a10-fold lower affinity for citrate
acid residues at multiple positions which may be difficult to than for §-malate and is unable to translocate citrate. In
trace using site-directed mutagenesis. this respect, the MC397 chimera behaved exactly like MleP
Activities of the CM397 and MC397 chimeric transporters and the CM397 chimera like CitP, indicating that the
with (§-malate as the substrate were lower than those structural elements interacting with the @OOH group of
observed for the wild-type transporters. The activities cor- citrate at the Rside of the binding pocket are located in the
related with the reduced levels of expression of the chimeric N-terminal part of the proteins.
proteins when CM397 was compared to CitP and MC397 The catalytic properties of CitP and MleP with citrate as
to MleP, suggesting that the specifi§){malate transport the substrate were also recognized in the activities with
activity remained unchanged upon replacement of the C- monocarboxylates with a hydrophobic group at thesile
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like (R-mandelate andR)-hydroxyisovalerate. Both trans-  of the proteins. The hydrophobic groups at thedile of
porters exhibited affinity for the substrates, but as was the binding pocket seem to interact with similar sites located
observed for citrate, MleP was found to be unable to transporton TMS XI since exchange of the C-terminal parts affects
them [Table 18§)]. However, unlike with citrate, replacement the kinetics with different substrates in a similar manner.
of the 46 C-terminal residues in the two chimeras did affect The R;z groups of the substrates that are necessarily close in
the catalytic properties with thdk-enantiomers of the the binding pocket seem to have a less well-defined interac-
monocarboxylates. Introduction of the C-terminus of MleP tion with the proteins. In citrate, the polar GEOOH group

in CitP yielding CM397 resulted in a higher exchange activity interacts with the N-terminal TMSs while the hydrophobic
relative to §)-malate (Figure 6). Kinetic analysis revealed R groups of R)-2-hydroxyisovalerate andRf-mandelate
that the improved activity withR)-mandelate was caused sense changes in the C-terminus, but not in the same way.
by an improved translocation efficiency of CM397 relative  This interaction of functional groups located in space at the
to CitP, while in the case ofR)-2-hydroxyisovalerate, the  same side of a substrate molecule with different parts of the
affinity of the chimera improved 4-fold (Table 1). The protein is reminiscent of what has been proposed to be the
different mechanisms suggest a different interaction of the mechanism by which multidrug transporter proteins interact
two hydrophobic R groups with the proteins. Importantly, with their substrates20—22). No change in the three
the affinity for (R)-2-hydroxyisovalerate decreased between anchoring points that interact with the hydroxyl and car-
MleP and MC397 by a factor 0f-34, showing that the results  poxylate group of the substrate motif and the second
of interchanging the C-terminal sequences were reciprocal. carboxylate at Rwas observed in the chimeras, indicating
A reciprocal effect on the translocation efficiency &){ that their relative localization in the binding pocket is
mandelate was undetectable since MleP showed no activityynchanged. The anchoring points are either in the N-terminal
with (R)-mandelate to begin with. In conclusion, even though part or conserved between CitP and MleP in the 46
the effects of interchanging the C-terminal residues on the c_terminal residues. The C-terminal part contains two
Rr groups of the substrates are not specific and, as such, dg;onserved arginines, one of which is located in the TMS
not provide evidence for a direct interaction between the XI, that are good candidates for being involved in the
C-terminal residues and the:groups of the substrates, the = gjectrostatic interactions with the carboxylate groups of the
results do indicate the involvement of the C-terminal region g ,pstrates. At present, we are mutating these and other

in catalysis. , , , _ residues to further analyze the role of TMS XI in substrate
The strongest evidence that the 46 C-terminal residues iNrecognition.

CitP and MleP constitute part of the substrate binding pocket
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